Energy barriers for flipping the transverse dipole moments in poly(vinylidene fluoride) (PVDF) and related copolymers and terpolymers are predicted using the nudged elastic band method. The dipole moments flip individually along the chain, with an order and energy barrier magnitudes (0.1-1.2 eV) that depend on the chain composition and environment. Trifluoroethylene (TrFE) and chlorofluoroethylene (CFE) monomers have larger energy barriers than VDF monomers, while a chain in an amorphous environment has a similar transition pathway as that of an isolated molecule. In a crystalline environment, TrFE and CFE monomers expand the lattice and lower the energy barriers for flipping VDF monomers. This finding is consistent with experimental observations of a large electrocaloric e↵ect in P(VDF-TrFE-CFE) terpolymers. C 2016 AIP Publishing LLC. [http://dx
I. INTRODUCTION
The electrocaloric (EC) e↵ect is the coupled temperature and entropy changes of some ferroelectric materials that result from the application or removal of an external electric field. [1] [2] [3] [4] [5] [6] Applying the electric field partially aligns the dipole moments, decreasing the configurational entropy. Removing the electric field allows the dipole moments to disorient, increasing the configurational entropy. Assuming these processes to be reversible and adiabatic and noting that the total entropy of the material is the sum of its configurational and thermal entropies, the change in the configurational entropy drives a change in the thermal entropy. The temperature of the material thus increases when the electric field is applied and decreases when it is removed. These temperature changes suggest that the EC e↵ect can be used for cooling applications. [7] [8] [9] Among bulk ferroelectric ceramics, the highest reported EC-related temperature change is 2.6 C in Pb 0.99 Nb 0.02 (Zr 0.75 Sn 0.2 Ti 0.05 ) 0.98 O 3 under a 3 MV/m external electric field at an operating temperature of 161 C. 10 In a 350 nm thick film of PbZr 0.95 Ti 0.05 O 3 at an operating temperature of 226 C, Mischenko et al.
11 measured a temperature change of 12 C for an external electric field of 48 MV/m. The high operating temperatures required for these ceramics to display the EC e↵ect make them unsuitable for many practical cooling applications.
Ferroelectric polymers, such as poly(vinylidene fluoridetrifluoroethylene) P(VDF-TrFE) and poly(vinylidene fluoridetrifluoroethylene-chlorofluoroethylene) P(VDF-TrFE-CFE), have recently emerged as materials where the EC e↵ect occurs at lower temperatures. Neese et al. 12 found an EC temperature change of 12 C in a P(VDF-TrFE) film at an operating temperature of 80 C under the application of an external electric field of 209 MV/m. They also measured a similar temperature change in a P(VDF-TrFE-CFE) film at an operating temperature of 55 C under the application of an external electric field of 307 MV/m. Their films were 0.4-2 µm thick. Li et al. 13 measured an EC temperature change in a P(VDF-TrFE-CFE) film of 30 µm thickness that was invariant with operating temperatures between 5 and 50 C at di↵erent external electric fields. The temperature change was 0.5 C for a field of 40 MV/m, 7 C for a field of 100 MV/m, and 16 C for a field of 150 MV/m.
The atomistic origins of the EC e↵ect in ferroelectric polymers have not yet been established. The dipole moments in the polymer must display large and reversible configurational changes during the electric field application/removal in order to exhibit a large EC e↵ect, but how the transformation is realized is unknown. What is known is that the temperature at which a material shows a large EC e↵ect is near its paraelectric (nonpolar) to ferroelectric (polar) phase transition (i.e., the Curie temperature), where a large configurational entropy change can be found.
14 PVDF has a repeating unit of [-CH 2 -CF 2 -] and is not an EC material. Its Curie temperature is 195 C, 15 which can be lowered through the addition of TrFE [-CHF-CF 2 -] and CFE [-CH 2 -CFCl-] monomers. TrFE units are first added to allow for easier incorporation of the larger CFE unit. The introduction of CFE units into the P(VDF-TrFE) copolymer expands the inter-chain distance, lowers the Curie temperature to 25 C, and leads to a smaller activation energy for the nonpolar to polar transition. [16] [17] [18] [19] Phase transitions in PVDF have been studied [20] [21] [22] and can be used as a starting point to understand the phase transitions in the EC materials P(VDF-TrFE) and P(VDFTrFE-CFE). PVDF forms a semi-crystalline structure when crystallized from the melt. The application of an external electric field induces the phase transitions shown in Fig. 1 . The conformations of three crystalline phases viewed from two di↵erent directions are provided. The transverse dipole moment of each molecule is indicated with an orange arrow. The ↵-and -phases have the same trans-gauche-trans-gauche' (TGTG') configuration, while the -phase is all-trans (TT). When cooled from the melt, the nonpolar ↵-phase is first obtained, which has two TGTG' chains of opposite transverse FIG. 1. Electric field-induced phase transitions of PVDF. 20, 21 The unit cells are shown as viewed from the ab and bc planes. The transverse dipole moment of each polymer chain is shown using a orange arrow that points from the negatively charged fluorine atoms to the positively charged hydrogen atoms. dipole moment direction per unit cell. At an external electric field of 100-150 MV/m, the hydrogen and fluorine atoms flip with respect to the carbon backbone, generating the polar -phase, which has two TGTG' chain of the same transverse dipole moment direction per unit cell. At a larger external electric field (⇠500 MV/m), the -phase transforms to the polar -phase, with the hydrogen, fluorine, and carbon atoms all moving to produce the all-trans configuration. [23] [24] [25] [26] The ↵-phase can directly transform to the -phase, but only through additional processing such as cold drawing or annealing under high pressure. The nonpolar to polar phase transition in P(VDF-TrFE) and P(VDF-TrFE-CFE) has been studied experimentally. [27] [28] [29] [30] [31] It was found that the chains in the nonpolar phases have random TT/TG/TG' monomer sequences, 30 as opposed to the ideal TGTG' chains for the ↵-phase of PVDF depicted in Fig. 1 . In P(VDF-TrFE), an all-trans (TT) polar phase, similar to the -phase of PVDF, can form. In P(VDF-TrFE-CFE), the all-trans (TT) polar phase is suppressed due to interruption of the gauche bonds by the CFE units. [31] [32] [33] Based on the amplitude of the external electric fields applied in previous demonstrations of the EC e↵ect [recently as low as 50-150 MV/m (Ref. 13 )], we assume that a phase transition similar to the ↵-to -phase transition in PVDF is the most likely candidate for these copolymers and terpolymers to display the EC e↵ect. While the monomer sequencings in the copolymers and terpolymers are potentially more complicated, as noted above, we believe that this assumption is reasonable because we are focused on the short-range dynamics.
Several molecular mechanisms have been proposed for the ↵-to -phase transition in PVDF. [34] [35] [36] [37] [38] As shown in Fig. 1 , these two phases di↵er in the direction of the transverse dipole moments of the two chains in the unit cell. It was first suggested that because the interchain forces may not be strong enough to rotate the entire chain at once, a kink wave may form that propagates along the chain until all the dipole moments flip. 34, 35 This mechanism involves rotations of the hydrogen atoms, the fluorine atoms, and the carbon backbone. Clark et al. 35 used this mechanism to model the longitudinal dipole moment transition in ↵-PVDF films, a transition that is not relevant to our focus on the transverse dipole moment. Lovinger 37 suggested a simpler mechanism composed of 90 rotations of only the fluorine and hydrogen atoms that cause the chain's transverse dipole moment to align with the direction of the external electric field. They predicted an energy barrier of 0.2 eV for a two-monomer-unit PVDF chain from atomistic calculations using empirical force fields. 38 A material's EC temperature and entropy changes can be extracted from the Maxwell relations 2 and its polarization hysteresis loops, the latter of which can be calculated from kinetic Monte Carlo simulations. 39 The energy barriers for dipole moment flipping are critical inputs to such simulations. In this work, we will use the nudged elastic band (NEB) method to predict the transverse dipole moment flipping energy barriers of the ferroelectric polymers PVDF, P(VDFTrFE), P(VDF-CFE), and P(VDF-TrFE-CFE). P(VDF-CFE) is not an EC material, but is included for completeness. The rest of the paper is organized as follows. In Section II, the MSXX force field and the NEB method are described. We use an empirical force field in order to access the large systems required to study how neighboring chains a↵ect the energy barriers. In Section III, the energy barriers for dipole moment flipping of the PVDF-related polymers in single chain, crystalline (↵-phase and -phase), and amorphous environments are predicted and discussed. The findings are summarized in Section IV.
II. METHODOLOGY

A. MSXX force field
To model the inter-and intra-molecular interactions, we use the MSXX force field, 40 which is widely used for studying PVDF-related molecules. [41] [42] [43] [44] [45] [46] [47] The version without the shell model is used because the shell parameters for the TrFE and CFE monomers are not available. While density functional theory (DFT) calculations are more accurate than those from force fields, they are limited by large computational demands. By using the MSXX force field, we can study bulk systems that are not accessible with DFT. The MSXX force field is parameterized using firstprinciples calculations and includes Morse bond-stretch terms, cosine angle-bend terms, torsional terms, non-bonded terms, and cross terms. The cross terms were originally used to tune the vibrational frequencies of PVDF crystals. They are turned o↵ here because they do not play an important role in energy barrier calculations. 48 The Coulombic energy terms are calculated using the Ewald summation and the van der Waals energy terms are calculated using a long-range dispersion sum option for an inverse sixth-power potential. The cuto↵ distance for the other non-bonded interactions is 8.5 Å. The charge designs of the three monomer units and their associated end groups (which contain an extra hydrogen atom) are provided in Figs. 2(a)-2(c). Each monomer is charge neutral. Morse bond-stretch, cosine angle-bend, torsional, and van der Waals parameters for the chlorine atom in the CFE monomer are obtained from the Dreiding force field, 49 from which the MSXX force field was originally developed. Due to an absence of charge parameters in the Dreiding force field, we set the charge of the chlorine atom in the CFCl segment to be the same as the fluorine atom in the CF 2 segment. The corresponding carbon atom is treated as a CF 2 carbon in the MSXX force field. The charges are fixed during the calculations.
We will consider phase transitions in single chain and bulk environments. The single chains initially have the TGTG' structure and are relaxed to zero pressure using the conjugate gradient method in the large-scale atomic/molecular massively parallel simulator (LAMMPS). 50 The simulation cell for the single chain studies is a cube with a size length of 50 Å and periodic boundary conditions are applied in all directions. For the single chains, the addition of TrFE and CFE monomers does not change the dipole moments of the neighboring monomers, as was found by Nakhmanson et al. for -PVDF. 51 Sixteen eight-monomer-unit chains are considered in the crystalline and amorphous phases. The zero-pressure crystal lattice constants are obtained using an anisotropic relaxation in LAMMPS. The cell is kept orthorhombic during the calculations and no shear stresses are allowed. For the coand terpolymers, the ideal chains are distorted away from the TGTG' sequence after the relaxation due to the extra fluorine and chlorine atoms. The amorphous structures are obtained by equilibrating the ↵-phase simulation cell with one chain fixed at a temperature of 727 C, then cooling to a temperature of 25 C over 100 ps at zero pressure. In the NEB calculations, the simulation cell is extended one lattice constant along the axis of the chains to prevent a large strain from developing during the phase transition.
The majority of our bulk phase calculations are for the ↵-phase, which has space group P2 1 /c. The ↵-phase lattice constants (a, b, and c) from our energy minimizations of PVDF are 5.07 Å, 9.77 Å, and 4.92 Å, which are comparable to the experimental values of 4.96 Å, 9.64 Å, and 4.62 Å. 52, 53 The larger deviation for c than for a and b is not crucial due to our study of finite length chains oriented along the c-direction. 54 The spontaneous polarization of the bulk -phase is 0.060 C/m 2 , which compares well to the experimental value of 0.07 C/m 2 of Li et al.
55
B. Energy barrier
The climbing image NEB method [56] [57] [58] as implemented in LAMMPS is used to predict the transition state(s) along a reaction pathway corresponding to the phase transition. From the pathway, multiple energy barriers can be visualized. The initial and final states are specified stable structures and the user-defined number of intermediate structures (we choose 28) along the pathway are driven simultaneously towards the minimum energy path. The atomic coordinates of the intermediate structures are initially linearly interpolated from the coordinates of the specified initial and final structures. Due to the fact that the initial/final structures are predefined, the chains do not fold onto themselves in the NEB calculations. The algorithm continues until the maximum force per structure is below the force tolerance. The maximum force per structure is the two-norm of the vector containing the forces on all the atoms, maximized across all the structures. We set the force tolerance to be 0.1 eV/Å for the PVDF and P(VDF-TrFE) systems and 0.2 eV/Å for the P(VDF-CFE) and P(VDFTrFE-CFE) systems. Another approach for predicting energy barriers is based on single-point energy calculations, whereby the transition pathway is obtained by independently minimizing the energies of assumed intermediate structures. 35, 37, 38, [59] [60] [61] In a complex transition that involves many degrees of freedom, it can be di cult to specify the minimum energy path a priori.
The transition pathway predicted by the single-point energy method is compared to that from the NEB method for the flipping of the transverse dipole moment of a single four-monomer unit PVDF chain in Fig. 3 Six structures corresponding to the NEB calculation from Fig. 3 are shown in Fig. 4 . A and F are the initial and final structures, where the chain's transverse dipole moment is pointed out of the page in A and into the page in F. Four transition states, B to E, are also shown. The dashed boxes and the arrows indicate the location and the direction of the monomer rotation. For example, in B, the hydrogen and fluorine atoms of the first monomer rotate into the page along with the end group atoms. The energy barrier required to overcome this transition state is labelled as "EB 1." In C, the hydrogen atoms rotate into the page while the fluorine atoms rotate out of the page in moving through "EB 2." D and E are the transition states corresponding to the rotations of the last two monomers and have smaller energy barriers. In the analysis in Section III, we will use the maximum energy barrier to characterize the entire transition (EB 1 in this example).
It is clear that the transition occurs sequentially, monomerby-monomer along the chain. When looking along the axis of the chain, the transverse dipole moment is initially pointed upwards in A. The transition states (B-E) correspond to where each CF 2 -CH 2 unit rotates ⇠90 counter-clockwise such that the transverse dipole moment is pointed downwards at F. This transition mechanism is similar to that proposed by Lovinger, 37 as described in Section I. Due to di↵erent computational techniques (NEB vs. single point energies), assumed transition structures, and environments (single or multiple chains), and the existence of the end group hydrogen atoms, comparison of our predicted energy barriers with DFT values from the literature is challenging. To do so, we predicted the energy barrier for a single trans-to-gauche bond rotation in the middle of a single H-(CF 2 -CH 2 ) n -H chain, finding 1.00 eV for n = 2 and 0.86 eV for n = 4 using the NEB method. The energy barriers from comparable DFT-based single-point energy calculations vary widely between 0.08 and 1.47 eV, 59, 60, 62 but the range includes our predictions from the MSXX force field .   FIG. 4 . Six structures from the NEB calculation shown in Fig. 3 . A and F are the initial and final structures. B to E are transition-state structures.
III. RESULTS
A. Single chain
To begin, we consider a single TGTG' PVDF chain where the transverse dipole moment is flipped as in Section II B. The results for four-, eight-, and twelve-monomer-unit chains are plotted in Fig. 5 . The energies of the eight-and twelvemonomer-unit chains are o↵set so as to distinguish the pathways. The unit-by-unit rotation of the four-monomer-unit chain was discussed in Section II B. In the eight-monomer-unit chain, sequential 90 rotations of the monomers lead to the seven energy barriers. Simultaneous rotation of two monomer units causes the number of individual energy barriers to be less than the number of monomers. The twelve-monomer-unit chain has a similar transition mechanism that leads to eleven energy barriers. The maximum energy barriers for the four-, eight-, and twelve-monomer-unit chains are 0.66 eV, 0.62 eV, and 0.73 eV and are indicated in Fig. 5 .
The e↵ect of including di↵erent monomer units on the isolated single chain rotation is plotted in Fig. 6 . An eightmonomer-unit chain of PVDF is modeled with the fifth unit replaced by a CFE unit, a reversed VDF unit, or a TrFE unit. The energy barrier related to the rotation of the changed monomer unit is indicated in each case. The eight-monomerunit PVDF chain transition from initial state. Overall, the addition of a di↵erent monomer unit induces a larger energy barrier for that unit, with that for CFE being the largest.
B. Crystalline and amorphous environments
The energetics of the rotation of a single PVDF chain in the ↵-phase, -phase, and amorphous phase environments are now investigated. The results for systems containing sixteen eight-monomer-unit PVDF chains are provided in Fig. 7 , along with that for an isolated single eight-monomer-unit chain (from ↵-and -phases are chosen to be the same so as to distinguish them from the amorphous phase and single chain cases, which have no o↵sets. The sequential rotation of monomer units is preserved in the crystalline and amorphous environments. In the -phase, the rotation starts at an arbitrary place on the chain and moves towards both ends. In the ↵-and amorphous phases, the rotation begins at one end of the chain and moves to the other end, as found for the isolated environment. The energies of the final states of the single PVDF chain rotation in the ↵-and -phases are higher compared to the initial states because the perfect ↵-and -phases are more stable. In the amorphous phase, the transition path is close to the result for the eight-monomer-unit isolated single chain. Rotation is easier in the amorphous phase due to the random orientation of the surrounding dipole moments. The maximum individual energy barriers for the ↵-phase, the -phase, the amorphous phase, and the single chain are 1.20, 1.20, 0.90, and 0.62 eV. The minimum energy pathways of PVDF systems with thirtysix and sixty-four polymer chains were also predicted. These two larger systems have a similar di↵erence between the energies of the final and initial states compared to the sixteenchain system and the rotational mechanism of the dipole moment flipping is persevered.
Energy barriers for the transitions in the co-and terpolymers were predicted by adding TrFE and CFE monomers randomly to the ↵-phase crystal. One pure PVDF chain is flipped in the sixteen-polymer-chain ↵-phase. The TrFE and CFE monomers are only added to the surrounding fifteen polymer chains so as to prevent the energy barrier rise due to their presence (see Fig. 6 ). The TrFE and CFE monomers cause the lattice to expand. The expansion along the carbon chain axis (c-direction) is at most 3%. The expansion in the a-and b-directions is 10%-20%. The percentage increases of the relaxed cross-sectional areas, a ⇥ b, are plotted in Fig. 8(a) . The error bars correspond to the variance from three di↵erent distributions of the defect monomers at each composition. The expansion of P(VDF-TrFE) is the smallest while that for P(VDF-TrFE-CFE) is the largest, which follows from the presence of the larger chlorine atoms. The maximum energy barriers for all cases are plotted in Fig. 8(b) . All the results lie in between the energy barrier of a PVDF chain flipped in the ↵-phase (1.20 eV in Fig. 7) and that of an isolated single PVDF chain (0.62 eV in Fig. 5 ). The maximum energy barrier converges to around 0.70 eV as the defect composition increases and the crystal lattice expands.
IV. SUMMARY
We applied the NEB method to predict the energy barriers for the transverse dipole moment flipping in the ferroelectric polymers PVDF, P(VDF-CFE), P(VDF-TrFE), and P(VDF-TrFE-CFE), the latter two of which display the EC e↵ect. Single chains, crystalline environments, and amorphous environments were considered.
Our results provide important support for three previously hypothesized mechanisms related to phase transitions and the EC e↵ect in PVDF-related polymers. First, as discussed in Sections II B and III, the transverse dipole moment flipping is achieved by sequential 90 rotations of only the hydrogen and fluorine atoms in both single chain (Figs. 5 and 6) and bulk environments (Figs. 7 and 8 ). This mechanism is similar to the model proposed by Lovinger. 37 Second, we predict a large energy barrier for the rotation of the CFE monomer (Fig. 6 ). This result is consistent with the hypothesis that the CFE monomer pins the polymer chain under the application of an external electric field such that it becomes easier for the other monomers to rotate. 16, 17 Third, we find that adding TrFE and CFE monomers increases the inter-chain distances and lowers the energy barriers [ Figs. 8(a) and 8(b) ]. These results support the experimental approach taken by Li et al. 13 for enhancing the EC e↵ect by using copolymers and terpolymers. The predicted energy barriers will be a useful input to coarse-grained kinetic Monte Carlo simulations 39 for calculation polarization hysteresis loops, from which the EC temperature and entropy changes can be obtained. In such simulations, our range of energy barrier values (0.1-1.2 eV) will be enhanced by the exponential in the Boltzmann factor. The dependence of the energy barriers on an external electric field may be important and is an intriguing direction for future work.
